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ABSTMCT 3/57 
The dimensionless r a t i o  f = AM/$, r e l a t ing  the  thermal conduc- 

t i v i t y ,  molecular weight, viscosity,  and constant volume molar heat ca- 

paci ty  has been determined f o r  several nonpolar polyatomic gases i n  t he  

neighborhood of room temperature (270-295' K ) .  The experimental method, 

due t o  Eckert and Irvine, provides a d i r e c t  determination of f by 

measurement of t he  subsonic temperature recovery factor .  

theory of Mason and Monchick has been used t o  calculate  co l l i s ion  num- 

bers  f o r  ro t a t iona l  re laxat ion from the  experimental data as follows: 

A recent 

CH4, 9.4; CFq, 3.0; sF6, 2.5; CzH4, 2.4; C2H6, 4.0; 02, 12; N2, 7.3; 

C02, 2.4; and C2H2, 1.8. Collision numbers f o r  the  near-spherical 

molecules were i n  close accord with a c l a s s i c a l  theory f o r  rough 

sphere molecules with a t t r ac t ive  forces; ethylene, which deviates ap- 

preciably from spherical  symmetry, exhibi ted a smaller co l l i s ion  num- 

ber. The data  on l i n e a r  molecules were i n  qua l i ta t ive  agreement with 

a quantum treatment. In  general, co l l i s ion  numbers f o r  ro t a t iona l  

re laxat ion a re  determined by t h e  following factors :  

mass dist r ibut ion,  ( 2 )  the  strength of the  intermolecular a t t r a c t i v e  

(1) The molecular 

n 
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INTRODUCTION 

I n  an e a r l i e r  paper 1 we reported experimental values of the  dimen- 

s ionless  r a t i o  

which r e l a t e s  the  thermal conductivity, molecular weight, viscosity,  

and constant volume molar heat capacity. The experimental method, due 

t o  Eckert and Irvine," provides a d i rec t  determination of f by meas- 

urement of t he  subsonic temperature recovery factor .  Helium, argon, 

nitrogen, oxygen, and hydrogen were studied i n  the  range 90°-290' K. 

The data on helium and argon were i n  close accord w i t h  the  rigor- 

ous Chapman-Enskog k ine t i c  theory f o r  monatomic gases,3 f o r  which f 

i s  very s l igh t ly  l a rge r  than 2.5. 

and hydrogen, as well  as Novotny and Irvine ' s  data  on carbon dioxide' 

The rksu l t s  f o r  nitrogen, oxygen, 

were analyzed i n  terms of Mason and Monchick' s5 theory f o r  polyatomic 

gases, which r e l a t e s  deviations from the  modified Eucken approxima- 

t i o n  t o  the  relaxat ion times of i n t e rna l  energy s ta tes .  Col l is ion 

numbers f o r  ro t a t iona l  re laxat ion f o r  nitrogen, oxygen, and carbon 

dioxide were found t o  be nearly independent of temperature. 

sults confirmed the  f a c t  t h a t  t h e  interchange of t r ans l a t iona l  and ro- 

The re- 

t a t i o n a l  energy i s  unusually d i f f i c u l t  f o r  hydrogen. 

Mason and Monchick's5 theory f o r  nonpolar polyatomic gases may be 

wr i t t en  

k 



Here p i s  the density and D i s  the average coeff ic ient  f o r  the  dif-  

fusion of i n t e rna l  energy; f o r  nonpolar gases it can be taken t o  be the 

self-diffusion coeff ic ient .  C and C i n t  a re  the  t r ans l a t iona l  

and i n t e r n a l  contributions t o  the  heat capacity c,; Tk i s  the  relaxa- 

t i o n  time f o r  the  kth i n t e r n a l  e n e r a  mode, and 

paci ty  of t h a t  mode, while p i s  the pressure. 

3 r a n s  

ck i s  the  heat ca- 

The first two terms i n  Eq. ( 2 )  are simply the  modified Eucken ap- 

proximation, developed by Chapman and Cowling,6 Schafer, 

felder.8 The t h i r d  term i s  important only f o r  s m a l l  re laxat ion times. 

I n  small, r i g i d  polyatomic molecules these are  the  ro t a t iona l  relaxa- 

t i o n  times; i n  f l ex ib l e  molecules, the v ibra t iona l  re laxat ion times 

may a l so  be s m a l l .  (The only non-rigid molecule considered i n  t h i s  

paper i s  ethane.) 

and Hirsch- 

It i s  fu r the r  convenient t o  express the  relaxat ion times i n  terms 

of a co l l i s ion  number 

Consequent l j j ,  f o r  nonpolar gases 

k 

This paper reports  f values i n  the  v i c i n i t y  of room temperature 

f o r  several  nonpolar polyatomic molecules, again determined using Eckert 

and Irvine’  s2 experimental technique. Nonlinear molecules, possessing 

three  ro t a t iona l  degrees of needom, were lfiethane, tetr~fl~~~rom~than~, 

su l fu r  hexafluoride, ethane, and ethylene. Linear molecules, with two 
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ro t a t iona l  degrees of freedom, inciuded oxygen, nitrogen, carbon dioxide, 

and acetylene (some preliminary results on methane and the  l i n e a r  

molecules have already been reported elsewhere'). Col l is ion numbers 

f o r  ro t a t iona l  re laxat ion have been computed from Eq. (4) and in te r -  

preted i n  terms of the ex i s t ing  theor ies  of ro t a t iona l  re laxat ion.  lo, 11 

This provides considerable ins ight  as t o  the  molecular parameters which 

determine ro t a t iona l  re laxat ion rates .  

EXPERlMENTAL 

We have previously described the apparatus and experimental pro- 

cedure f o r  measuring recovery factors,1 and the  method has been discussed 

a t  length by Irvine.12 

l i n e d  here. 

b a t i c  temperature a t t a ined  by a f l a t  p l a t e  i n  a subsonic gas stream. 

This recovery temperature Tr i s  conveniently described by a recovery 

f a c t o r  

Consequently, t h e  technique w i l l  merely be out- 

The method i s  based on the r e l a t i o n  describing the  adia- 

where Ts i s  the s t a t i c  temperature of the  stream at  a su f f i c i en t  dis-  

tance from the  p la te  and 

t u r e  measured a t  a stagnation point) .  

laminar boundary l aye r  equations found t h a t  the  recovery f a c t o r  i s  a 

funct ion of Prandt l  number Cpv/Mh alone. Spencel* has shown that 

f o r  Prandt l  numbers near uni ty  

Tt i s  the t o t a l  temperature ( the  tempera- 

Pohlhausen13 by in tegra t ing  the  



Indeed Eq. ( 6 )  reproduces numerical calculations t o  b e t t e r  than s ixteen 

p a r t s  i n  t e n  thousand f o r  Prandtl  numbers between 2/3 and 1. 9 

To measure the  recovery factor ,  the gas i s  expanded through a con- 

vergent nozzle; the pressure r a t i o  i s  such t h a t  t he  issuing gas remains 

s l i g h t l y  subsonic. A butt-welded d i f f e r e n t i a l  thermocouple i s  sus- 

pended along the  nozzle ax i s  with one junction i n  -the low ve loc i ty  re- 

gion upstream of the  nozzle sensing the t o t a l  temperature and the  

other  junction ju s t  downstream of the nozzle e x i t  assuming the  f l a t  

p la te  recovery temperature. The s t a t i c  temperature i s  not measured; 

rather,  it i s  computed from t he  pressure r a t i o  across the  nozzle as- 

suming isentropic  flow. 

The dimensionless entropy of a gas may be written15 

P a  I n  p - - - + s so - = - -  
R R  R dT . e  

( 7 )  

Here S i s  the  entropy, SO i s  the  entropy of the  idea l  gas a t  one 

atmosphere, R i s  the  gas constant, p i s  the  pressure, B i s  the  

second v i r i a l  coeff ic ient ,  and T i s  the  absolute temperature. Con- 

sequently, f o r  isentropic  flow, 

The l a s t  two terms i n  Eq. (8) are a s m a l l  correction due t o  deviations 

from the  idea l  gas law. To compute the  stream temperature an approxi- 

mate value was obtained f r o m  Eq. (8) using tabulated standard entropies  

and the  experimental p e s s w e  ra t io .  The der ivat ives  of the  v i r i a l  

coef f ic ien ts  were then calculated assuming a Lennard-Jones (12-6) PO- 



t e n t i a l  together with appropriate force constants.16. 

then used t o  calculate the  f i n a l  value of 

stream temperature was obtained by interpolat ion i n  the  t ab le  of en- 

t ropies .  Recovery f ac to r s  and values of f could then be calculated 

from Eqs. (5 )  and (6).  Entropies and heat capaci t ies  fo r  oxygen, n i -  

trogen, and ethane were taken from National Bureau of Standards com- 

p i l a t  ions, l7Jl8 while values f o r  t he  remaining species were calculated 

by the  methods discussed by McBride, Heimel, Ehlers, and Gordon,19 us- 

ing t h e i r  spectroscopic constants and computer program. 

Equation (8) w a s  

S$ /R, and the  accurate 
S 

The present measurements were a l l  car r ied  out a t  room temperature; 

hence, temperature control  w a s  no problem. Furthermore, it w a s  possible 

t o  work with f a i r l y  high flow rates so t h a t  t he  pressure r a t i o s  and 

d i f f e r e n t i a l  thermocouple emfs could be read with grea te r  accuracy. 

a consequence, the  present measurements show considerably l e s s  s c a t t e r  

than our previous data. 

As 

1 

I n  order t o  detect  instrumental errors ,  83 check determinations 

of t h e  recovery f ac to r  of argon were interspersed throughout t he  course 

of t h i s  work. These values correspond t o  a temperature of about 275' K 

and y i e l d  a mean value of f = 2.5028 with a standard e r r o r  of 0.0015. 

(The standard deviation of each datum w a s  0.0135.) This i s  i n  excellent 

agreement with the  theo re t i ca l  value of f = 2.5023, and may be regarded 

a s  a ca l ibra t ion  of the  apparatus. 

FESULTS AND DISCUSSION 

Experimental f values are presezted i n  Table I together with the  

corresponding temperatures. A l s o  shown are values of Z&t, the  re- 
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c iproca l  of t he  co l l i s ion  number for r o t a t i o n a l  re laxat ion,  ca lcu la ted  

fran Eq. ( 4 ) .  I n  ca lcu la t ing  Ziot t h e  r e l a t i o n  pD/v = (6/5)A* has 

been invoked." A* i s  a very slowly varying function of temperature; 

values were obtained assuming e i the r  t he  exponential -6 or Lennard- 

Jones (12 -6 )  po ten t ia l .  Also shown i n  Table I a re  mean temperatures, 
- - - 

T; rec iproca l  co l l i s ion  numbers, Z;At, standard deviations, a; and 
- 

standard e r r o r s  of t he  mean, e. 

For a l l  of t h e  molecules except ethane a thousand or more c o l l i -  

s ions  a re  required f o r  v ib ra t iona l  relaxation; hence, v ib ra t iona l  e f -  

f e c t s  could be ignored i n  Eq. ( 4 ) .  

t o  hindered ro t a t ion  about t he  carbon-carbon bond has a re laxa t ion  

time of 1 . 2 4 ~ 1 0 ' ~  seconds, or 1 7  co l l i s ions ,  a t  296.4' K.21 

t h a t  a 3 k i loca lo r i e  b a r r i e r  hinders i n t e r n a l  ro ta t ion ,  t h e  tabula t ions  

of P i t z e r  and Gwinn22 give C/R = 0.999 f o r  t h i s  mode a t  286' K. The 

r o t a t i o n a l  co l l i s ion  numbers f o r  ethane have been ca lcu la ted  assuming 

t h i s  heat capacity and c o l l i s i o n  number f o r  i n t e r n a l  ro ta t ion ;  i f  t h e  

i n t e r n a l  ro t a t ion  were ignored, ethane Z;,'t values would a l l  be 

l a r g e r  by 0.040. 

I n  ethane the  mode corresponding 

Assuming 

Col l i s ion  numbers determined from recovery factor ,  or f, are  

compared with o ther  measurements i n  Table 11. The present values are  

generally i n  accord with those obtained by other  techniques, within 

t h e  admittedly r a t h e r  la rge  uncer ta in t ies  assoc ia ted  with such deter-  

rniiiations. The r e s u l t s  f o r  oxygen seem t o  fall i n t o  two groups: col- 

1 ~ 3 1 ~ ~ ~  l IL*IIIucIo  i n  thc ranges c.f 2-6 end 12-30.  Our value f a l l s  i n  the  

1at; ter category. The only o ther  ser ious disagreement i s  i n  the  case 

7 2  - 1  .̂.-Le..." 

D 
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of carbon dioxide, where acous t ica l  measurements ind ica te  t h a t  s ix teen  

co l l i s ions  a re  required f o r  relaxation. We are  inc l ined  t o  believe the  

acoust ic  r e s u l t  i s  i n  e r r o r  -we can think of no property of t he  carbon 

dioxide molecule which would cause such long re laxa t ion  times. 

I n  order t o  compare our co l l i s ion  numbers with t h e o r e t i c a l  calcula- 

t ions,  it i s  des i rab le  t o  divide t h e  molecules i n t o  two groups, l i n e a r  

and nonlinear, possessing two and three r o t a t i o n a l  degrees of freedom, 

respect ively.  We chose t o  discuss  the nonlinear molecules f i rs t ,  since 

a c l a s s i c a l  theory for nonlinear molecules with a t t r a c t i v e  intermolecu- 

l a r  fo rces  (rough spheres and spherocylinders surrounded by square 

wel l s )  has recent ly  been developed.10 

Nonlinear Molecules 

Sather and Dahlerl' obtained the following expression f o r  t he  ro- 

t a t i o n a l  re laxa t ion  time of a rough sphere with a spher ica l ly  symmetric 

square a t t r a c t i v e  well: 

-1 16 na2 (a/maz) 
'rot = 3 2 

[ 1 + ( 41/mo2 ) ]  
( 9 )  

Here n i s  the  number of molecules per  em3, I i s  the  moment of i ne r t i a ,  

m i s  t h e  molecular mass, k i s  the Boltzmann constant, u i s  the  diam- 

e t e r  of t h e  rough sphere core, while 

d i s t r i b u t i o n  function a t  u. I n  the low density l i m i t , 2 3  

g(  a)  = exp(E/kT), where E i s  the depth of t h e  well  a t  u. 

g ( a )  i s  t h e  value of t he  radial 

Two f ea tu res  of  Eq. ( 9 )  a re  noteworthy. F i r s t ,  since the  quant i ty  

41/mo2 

dependent on a, t he  pos i t ion  of repulsive core. Secondly, s ince there  

i s  generally less tliar; 8.2, the  re laxa t ion  time i s  only weakly 
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i s  no ro t a t iona l  energy t r ans fe r  accompanying the ve loc i ty  impulse a t  

t he  outer  edge of the poten t ia l  wel l  the only contribution t o  the  ro- 

t a t i o n a l  re laxat ion stems from the  impulse a t  the core. 

width of the well  i s  not important; i n  f ac t ,  Eq. ( 9 )  should apply t o  a 

Sutherland poten t ia l  with a rough core - t h a t  is, a po ten t i a l  with an 

inverse s ix th  power a t t r a c t i v e  portion t o  account f o r  Van de Waals 

forces. 

Thus, the  

The coeff ic ient  of viscosi ty  i s  

where 

i n  the  notation of r e f .  15). Thus, from Eqs. (3) and ( 9 )  together with 

the  v iscos i ty  formula and the  perfect gas law, 

u2 i s  the  square of the viscosi ty  co l l i s ion  diameter (= 02Cl(2,2)* 

We might expect 

t i a l  wel l  would 

s phe r i c a1  . 

- --7 q 4 1 2 ) e x P ( 4  

m'?l 

tha t  the  rough sphere model with an a t t r a c t i v e  poten- 

apply t o  nonlinear molecules which a re  approximately 

The experimental r e s u l t s  on nonlinear molecules are  analyzed i n  

Table 111. Viscosity co l l i s ion  diameters were calculated assuming a 

Lennard-Jones (12-6) po ten t ia l  f o r  a l l  molecules except methane; f o r  

metham the expner.t..ial -6 potent ia l  w a s  used. Methane, carbon t e t r a -  

f luoride,  and sulfur hexafluoride are  approximately spherical  a s  shown 

i n  Fig. 1. Indeed, ZrOt values for  these molecules calculated from 



- 10 - 

both Eqs. ( l o a )  and ( lob)  are  i n  sa t i s fac tory  agreement with experiment, 

(The approximation ( lob)  i s  ac tua l ly  i n  c loser  accord with experiment, 

but it i s  not c l ea r  t h a t  t h i s  i s  s ign i f icant . )  The mass d i s t r ibu t ion  

parameter 41/moq var ies  more than threefold between CH4 and CF4; 

thus, the  large co l l i s ion  number f o r  methane i s  doubtedly a d i r ec t  

consequence of the  molecule's small moment of i ne r t i a .  Note, too, t h a t  

the  e f f e c t  of a t t r a c t i v e  forces  [exp(~/kT)]  i s  appreciable and roughly 

2 

doubles the  t r a n s i t i o n  probabi l i t ies .  

The ZG:t values for ethylene and ethane were calculated using 

average moments of i ne r t i a .  Values f o r  ethane are  a l so  i n  close ac- 

cord with experiment, but i n  the  case of ethylene the  agreement i s  not 

so good; t he  predicted Zrot are  roughly half  of experiment. From 

Fig. 1 it i s  apparent t h a t  t he  ethane molecule i s  approximately 

spherical ,  whereas the  ethylene s t ructure  i s  de f in i t e ly  less compact 

and symmetric. 

It appears, then, t h a t  the  c l a s s i ca l  k ine t i c  theory f o r  a rough 

spherical  molecule with an a t t r ac t ive  wel l  (Eq. ( loa) )  may provide a 

method for calculat ing a lower l i m i t  t o  t he  co l l i s ion  probabi l i ty  f o r  

ro t a t iona l  relaxation, Zrot, f o r  nonlinear molecules. Molecules such 

as CH4, CF4, z 6 ,  and C2H6 are  reasonably represented by t h i s  model. 

-1 

Less symmetric molecules such as C2H4 exhibi t  l a rge r  t r a n s i t i o n  prob- 

a b i l i t i e s ,  o r  shorter  re laxat ion times, perhaps due t o  longer range 

asymmetries i n  the  intermolecular force f i e ld .  

T,inear Molecules 

Brout l l  has developed a quantum mechanical treatment f o r  the rota- 
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t i o n a l  re laxat ion of homonuclear diatomic molecules. He idea l izes  one 

of the molecules a s  a mass point and expresses the  intermolecular PO- 

t e n t i a l  @ i n  the  form 

@(r )  = Ae-Pr[l + JrPz(cos e ) ] .  (11) 

1 
Here P ~ ( C O S  e )  E 5 (3  cos'e - 1) i s  the Legendre polynomial of order 2, 

and 

molecules and the  f igure  ax i s  of one of the molecules. 

e t e r  describing the deviation of the poten t ia l  from spherical  symmetry, 

For such a potential ,  the  t r ans i t i on  probabi l i ty  may be wr i t ten  

8 i s  the  angle between the  l i n e  of centers of the co l l id ing  

Jr  i s  a param- 

Although Brout developed Eq. ( 1 2 )  f o r  homonuclear diatomic molecules, 

it should apply as wel l  t o  symmetrical l i n e a r  polyatomic molecules 

such as carbon dioxide, acetylene, e tc .  Note t h a t  t he  mass dis t r ibu-  

t i o n  parameter 41/mo7 2 i s  again relevant, as i n  the  c l a s s i c a l  rough 

sphere case. 

Tie po ten t i a l  function given i n  Eq. (11) i s  e n t i r e l y  repulsive, 

whereas r e a l  molecules have long range a t t r a c t i v e  forces.  It would 

seem reasonable t o  account fo r  t h e  a t t r a c t i v e  forces  by a mult ipl i -  

cat ive f ac to r  exp(E/kT) by analogy with Eq. (10): 

I 

Equation (13) indicates  some var ia t ion  of co l l i s ion  number with 

temperature. Assuming t h a t  $ i s  independent of temperature - and, a s  



we s h a l l  see, Brout's treatment indicates  t h a t  it is - t h i s  var ia t ion  

can be calculated. Thus, over t he  range of experimental measurement - 
roughly 100 t o  300° K1 - Eq. (13) indicates  that Z;:t f o r  nitrogen 

should decrease by 25 percent and %At 
35 percent. This temperature var ia t ion represents  t he  somewhat sca t te red  

data on these molecules about a s  well  a s  a temperature independent col- 

l i s i o n  number. 

about 280 t o  460' K and are  more precise. 

f o r  oxygen should decrease by 

1 

The experimental data on carbon dioxide4 extent  from 

Over t h i s  range Eq. (13) in- 

dicates  a 9 percent decrease i n  

data  a re  shown together  with calculated curves assuming: 

perature independent co l l i s ion  number, next, t he  temperature var ia t ion  

of Eq. (13), and f ina l ly ,  t he  temperature var ia t ion  of Parker 's  24 

c l a s s i c a l  two-dimensional treatment f o r  diatomic molecules. The data 

are  bes t  represented by a constant co l l i s ion  number, although Eq. (13) 

i s  a l so  reasonably sat isfactory.  Parker 's  temperature dependent would 

appear t o  be ru led  out. 

calculated the  e f f e c t  of temperature on the  relaxat ion times f o r  spher- 

ocylinders and found a somewhat l e s s  pronounced temperature var ia t ion  

than i n  the  rough sphere case. Thus, it would seem t h a t  i f  there  i s  a 

long range asymmetry i n  the  a t t r ac t ive  poten t ia l  there  may be l e s s  ef-  

f e c t  of temperature on the relaxation time. 

%it. I n  Fig. 2, the  carbon dioxide 

F i r s t ,  a t e m -  

It might be noted t h a t  Sather and Dah1erl-O 

The experimental results on l i n e a r  molecules are analyzed i n  Ta- 

b l e  IV. Experimental values of 9 have been computed from Eq. (13); 

it I s  seen t h a t  J I  i s  of the order of unity, var- '--  y u l e  A.A +brim "I.& c1,7 for 

oxygen t o  1.7 for acetylene. B r ~ u t ~ ~  has shown how 9 f o r  diatomic 



molecules can be calculated assuming t h a t  t he  t o t a l  po ten t ia l  i s  made 

up of t he  sum of atom-atom interactions,  

Q b - 1  = q j ,  

where Q i j  i s  of t h e  form 

Qi j = A e q ( - P r i  j )  

I n  t h i s  event 

where p i s  the  index of the  repulsive po ten t i a l  and d i s  the  in te r -  

nuclear distance. From Eq. (14) it i s  c l ea r  t h a t  $ l i e s  i n  the  range 

zero t o  two, which i s  i n  agreement with t h e  experimental $ l i s t e d  i n  

t a b l e  IV.  

Values of p can be obtained from two sources. For the  exponential 

repulsive po ten t i a l  between l i g h t  atoms and molecules involving hydro- 

genZ6 and oxygen and nitrogen" p l i e s  i n  t h e  range 2.5 t o  3.5. On 

t h e  other  hand, one can deduce values from force constants f o r  the ex- 

ponent ia l  -6 po ten t i a l  ( p  = a/rm); f o r  l i g h t  molecules so obtained 

l i e  i n  t he  range 3.5 t o  4.5. 27,28 

p 

Accordingly, values of $ have been calculated fromEq. (14) as- 

suming p of 2.5 and 4.5 so a s  t o  cover the extreme range. For carbon 

dioxide o r  acetylene, d i n  Eq. (14) was taken as the intramolecular 

oxygen-oxygen o r  hydrogen-hydrogen distance. I n  Table N we see the  

experinieiital JI for elryeen and acetylene l i e  between the  computed ex- 

tremes while t he  experimental $ f o r  nitrogen and carbon dioxide l i e  



just outside the calculated range. In  t h e  case of t he  acetylene and 

carbon dioxide molecules one might expect t he  e f fec t ive  centers  of 

repulsion t o  l i e  inside the hydrogen o r  oxygen atoms. 

It i s  not d i f f i c u l t  t o  extend Brout's treatment t o  molecules with 

multiple centers  of repulsion (say one f o r  each atom), and a l so  t o  ap- 

ply a correction f o r  molecules which deviate more severely from spher- 

i c a l  symmetry. However, because the uncertainty i n  the P values re- 

mains, there  i s  no subs tan t ia l  improvement over the  results shown i n  

Table IT. 

It seems, then, t h a t  Brout's theory, corrected f o r  a t t r a c t i v e  

forces, describes the  ro t a t iona l  relaxation of l i n e a r  molecules, a t  

l e a s t  approximately. Accurate a p r i o r i  calculat ion of re laxat ion 

times requires  an accurate knowledge of t h e  molecular phrenology, 

characterized by Pd; such information i s  not generally available.  

I n  a previous paper' we noted an empirical  correlat ion between 

the  relaxat ion times of l i n e a r  molecules and the molecular quadrupole 

moments. Accordingly, we attempted t o  express the po ten t i a l  i n  the  

form of Eq. (11) with t h e  angularly dependent portion a r i s i n g  from 

t h e  quadrupole-quadrupole interaction. F i r s t ,  it was  necessary t o  

average t h e  po ten t i a l  over a l l  or ientat ions of one of t h e  molecules. 29 

Next, we had t o  d ra s t i ca l ly  approximate a cos4Q angular dependence as 

t o  O b t B i i i  tlie admittedly sery  agroximate expression 



Here Q i s  the  quadrupole moment. If we assume that t r a n s i t i o n  occurs 

where Q i s  of the  order of kT and r i s  of the order of the vis- 

cos i ty  co l l i s ion  diameter, 

1 Q4 * - -  
oy(kT)2 '  

Consider carbon dioxide 

t emined  the quadrupole 

a s  an example: 

moment as -8.2~10'~~ esu. From Eq. (15) we 

B ~ c k i n g h a m ~ ~  has recent ly  de- 

obtain, f o r  a temperature of 288' K, Jr  - 0.1. Thus, we suspect that 

the quadrupole in te rac t ion  i s  not important i n  inducing t rans la t ion-  

ro t a t ion  t rans i t ions ;  ra ther ,  the correlat ion previously observed a r i s e s  

because the deviations from spherical  symmetry i n  the intramolecular 

charge d i s t r ibu t ion  which cause an asymmetry i n  the repulsive po ten t i a l  

a l so  give r i s e  t o  a quadrupole moment. I n  other  words, Jr  and Q 

have a common cause, but are not d i r ec t ly  re la ted.  This conclusion 

must remain ten ta t ive ,  however. The der ivat ion of Eq. (15) i s  very 

crude, and the  dependence on distance i s  very strong. (If one as- 

sumes the zero e n e r a  co l l i s ion  diameter i n  place of the v iscos i ty  

diameter, $ - 0.4.) 

CONCLUSIONS 

Since the  data on nitrogen, oxygen, carbon dioxide, methane, and 

hydrogen' y i e l d  co l l i s ion  numbers f o r  ro t a t iona l  re laxat ion which a re  

generally f n  accord w i t h  values obtained by other  experimentalmethods, we 

conclude tha t  theapproximate theory of Mason and Monchick 5 i s  sub- 

s t a n t i a i i y  correct .  



Rotational re laxat ion times f o r  near-spherical molecules such as 

methane, carbon te t ra f luor ide ,  sulfur hexafluoride, and even ethane are 

i n  good accord w i t h  theory f o r  c l a s s i ca l  rough sphere molecules with 

a t t r a c t i v e  forces  - a reasonable model f o r  these substances. 

which deviates markedly from spherical  symmetry, has a smaller c o l l i -  

sion number - about half  t h a t  calculated f o r  t he  rough sphere molecule. 

Collision numbers f o r  l i n e a r  molecules - nitrogen, oxygen, carbon 

Ethylene, 

dioxide, and acetylene - are  i n  a t  l e a s t  qua l i t a t ive  accord with an 

extension of Brout ' sll quantum theory for r o t a t i o n a l  re laxat ion of 

homonuclear diatomic molecules. This theory ind ica tes  t h a t  t he  devia- 

t i o n  of the repulsive force f i e l d  of a molecule from spherical  symmetry 

has an important e f fec t .  

I n  conclusion, it appears t h a t  the following f ac to r s  a re  of pro- 

found importance i n  determining ro t a t iona l  re laxat ion times f o r  non- 

polar  molecule s: 

1. The mass a i s t r ibu t ion  (character ized by the  parameter 

2. The s t rength of the intermolecular a t t r a c t i v e  forces  (charac- 

41/mcr2) 

t e r i zed  by E/kT) 

3. The deviation of the  molecular force f i e l d  from spher ica l  sym- 

metry 

ACKNOWLEDGMENT 

We wish t o  thank Bonnie McBride and Janet Ehlers of the  Physical 

Chemistry Branch, Lewis Research Center, f o r  providing the  i d e a l  gas 

s t a t i s t i c a l  mechanical entropy and heat capacity e a l z u k t i o n a  for CHa, 

CF4, SF6, C2H4, C2H2, and C02. 



LIST OF FOOTNOTES 

1, C. O'Neal, Jr., and R. S. Brokaw, Phys. F lu ids  3 567 (1962). 

2. E, R. G, Eckert and T. F. Imine ,  Jr., J. Appl. Mech. 24 25(1957). 

3. S. Chapman and T. G. Cowling, The Mathematical Theory of Non-Uniform 

-9 

Gases (Cambridge University Press, 1952) p. 235. - 
4. L. Novotny, and T. F. Imine,  Jr., J. Heat Transfer 83 125 (1961). 

5. E. A. Mason and L. Monchick, J. Chem. Phys. 36, 1622 (1962). 

6. Reference 3, p. 238. 

-9 

7. K. Schafer, Z. Physik. Chem. B53, 149 (1943). 

8. J. 0 Hirschfelder, J. Chem. Phys. 26, 282 (1957). 

9. R. S. Brokaw and C. O'Neal, Jr., Ninth Symposium ( In te rna t iona l )  on 

Combustion (Academic Press, Inc., New York, 1963) p. 725. 

10. N. F. Sather and J. S. Dahler, J. Chem. F'hys. 37, 1947 (1962). 

11. R. Brout, J. Chem. Phys. 22, 1189 (1954). 

12.  T. F. Imine ,  Jr., A New Method f o r  t h e  Experimental Determination 

of Prandt l  Numbers and Thermal Conductivit ies of Gases. Results 

f o r  A i r ,  Ph.D. Thesis, University of Minnesota, 1956. 

13. E. Pohlhausen, Z. angew. Math. u. Mech. 1, 115 (1921). 

14. D. A. Spence, J. Aero/Space Sei. 27, 878 (1960). 

- 

15. J. 0. Hirschfelder, C. F. Curtiss, and R. Byron Bird, Molecular Theory 

of Gases and Liquids (John Wiley and Sons, Inc., .New York, 1954) 

Eq. 3. B-3, p. 231. 

16. Reference 15, Tables I-A and I-B, pp. 1100-1115. 

17. J. Hilsenrath, e t  ai., 

Bureau of Standards Circular 564, (Nov. 1955). 



- 18 - 
18. F. 3. Rossini, e t  a l . ,  Selected Values of Properties of Hydrocarbons, 

Circular of t he  National Bureau of Standards, C 461 (Nov. 1947). 

19. B. J. McBride, S. Heimel, J. G. Ehlers, and S. Gordon, Thermodynamic 

Propertie s of Selected Substances Involving the  F i r s t  Eighteen 

Elements, NASA Tech. Report R- , 1963. 
20. Reference 15, Eq. 8.2-48, p. 540. 

21. L. M. Valley and S. Legvold, J. Chem. Phys. 33, 627 (1960). 

22. K. S. Pi t ze r  and W. D. Gwinn, J. Chem. Phys. 10, 428 (1942). 

23. Reference 15, Eq. 4.9-1, p. 321. 

24. J. G. Parker, Phys. Fluids 3 449 (1959). 
25. R. Brout, J. Chem. Phys. 22, 934 (1954). 

26. J. T. Vanderslice, S. Weissman, E. A. Mason, and R. J. Fallon, Phys. 

Fluids  5 155 (1962). 
27. K. S. Yun, and E. A. Mason, Phys. Fluids  2, 380 (1962). 

28. Reference 15, Table 3.7-2, p. 181. 

29. Reference 15, pp. 27-28, 985. 

30. A. D. Buckingham, Abstracts of Papers, 144th National Meeting, American 

Chemical Society, Los Angeles, Calif., March 31-April 5, 1963. 



- 19-  

Methane 

T %  f 2-1 T 4( f 2'1 

278.5 1.813 0.141 281.9 1.807 
279.01 1,831 ,098 282.0 1.846 
280.0 1.844 wO64 282.3 1,812 
280.0 1.819 ,125 282-8 L8ll 
280.0 1.814 .;136 283.0 1.854 

280.2 1.821 -118 283.3 1.810 
280.8 1.821 .118 284.0 1.857 
281.0 1,834 vO87 284.1 1.824 
281.3 1.822 w 1 1 7  284.1 1.821 
281.5 1.822 -117 285.4 1.828 

- 
0: 152 
05E 
135 
14C 

w 037 

. 135 

.02€ . 10E 
1 1 4  

0 095 
- 

F 282' K; 2-l 0-106j 'zi 0,039; Z = 0.00s 
rot 

Carbon te t raf luoride 

T OK f 2-1 T ?K f 2'1 

286.9 1.527 0.328 289.1 l.522 0.351 
287.3 1.528 -325 289.6 1.529 -313 
2870 7 1.526 w 334 

F h 288' K; Zz:+= 0.330; ;? = 0.014; Z = 0.006 

Sulfur  Hexafluoride 

T OK f 2-l T % f 2-1 

288.3 1,454 0.284 291.2 1.444 0.354 

290.5 1.432 ,445 291.5 1.445 ,343 

291.1 1.449 .316 

289.2 1.440 ,391 291-4 1.437 ,407 

291.0 1.453 ,283 291.6 1.437 ,403 

- - 
T = 291' Kj = 0.358; 0 = 0.057; 5 = 0.019 r o t  

Ethyl en e 

T OK f Z - l  T % f 2'1 
~~ ~ 

281.2 1,624 0.410 282.6 1.622 0.412 
281.9 i .b i6  e434 282.8 1-621 -417 
282.2 1,620 -421 286.6 1.613 0430 
282.2 1.617 e430 287.7 1.615 0420 
- 
T = 283' K; z-'+= 0.422; 'ii = 0.009; = 0.003 

\ 
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1 B h a n e  

f 2- l  T % f 2-1 

284.2 1.585 0.265 286.3 1.578 0.286 
284.9 1.596 -223 287.3 L593 -224 
285.4 1,578 0288 288.0 1.594 0217 
285.7 1.585 w262 288,O L594 -217 
- 
T 286' K j  Z-' =L 0.248; 'ij' P O.031j 'E; 01011 

Oxygen 

IT f Z" . T % f 2-1 
- 

276.1 1,988 0.076 280.7 1.967 0.134 
276.6 1.991 ,069 280.8 1.989 -074 
277~3 2.001 ,041 281.0 2.002 -036 
277.3 L.971 0124 281-3 L962 -148 
278.2 2.003 0036 28L6 L990 -069 

278.3 1.978 ,105 282.0 1,961 ,150 
278~3 1.982 0093 282.0 L987 -078 
279.4 1-991 1069 282.4 L987 -079 
279.5 1.995 ,057 282*6 1.967 -134 
279.9 2.000 -043 282-8 1,966 0136 
280.4 1.990 -069 282.9 1,991 0067 

Tii = 280' K> Z-l tf G.OC6j  5' = 0-037; 7 - 0.008 
v a n +  

I Nitrogen 

IT f 2-l T ?K f Z-l 

274.3 
274.3 
275, 4 
275.6 
275.9 

2760 4 
2770 0 
277.3 
277- 5 
278.8 
L I 0 . S  

1279.6 
nrrn 

1. 977 
1. 963 
1.974 
1.974 
1.979 

1.978 
1. 986 
1,962 
1.981 
1' 988 
1, (378 
1.960 

0.122 
160 
-129 
129 

s 117 

-118 
097 
162 
.lo9 
w 092 
11 Q 

0 169 
. -- 

280-7 1.984 
281-1 1-974 
281.5 1,959 
281.7 1,972 
281.8 1.961 

282.3 1.969 

282.6 1.966 
282.7 1.967 

283=-2r 1.961 

282.4 1.973. 

282.9 1.968 

0.102 
w 130 
171 
-134 
,165 

w 144 - 133 . E 2  
* 148 
w.147 
165 

P 279O KJ. zL:+= 0.138: 'Ti .I 0.0221 Z = 0.005 
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TABLE I. - Concluded. EXPERIMENTAL €UZSULTS 

i Carbon Dioxide I 
~ 

282.0 1.724 0.454 284.0 1.740 0.388 
282.0 1.723 .457 286.4 1.729 
283.0 1.732 .420 287.4 11791 !j 
283.0 1.731 .425 288.1 1.731 
284.0 1.732 .417 

T = 284O K; 7;t =O. 423; 2 = 0.021; e = 0.007 
- 

I Acetylene a ~ -1 
1 T OK f Z” T OK f z-11 
283.3 1.649 0.457 288.6 1.624 0.558 
283.6 1.662 .394 288.6 1.612 .614 
284.0 1.662 ,395 288.8 1.602 .663 
284.9 1.660 .399 289.1 1.651 .426 
285.0 1.661 .395 289.4 1.613 .608 
286.0 1.609 .638 

286.5 1.606 .650 289.6 1.608 .629 
286.9 1.609 .635 290.0 1.607 .633 
287.3 1.610 .629 290.2 1.610 .619 
287.8 1.608 .638 290.7 1.656 .395 

T = 287 %; = 0.546; a = 0.111; e = 0.025 

aThe data  on acetylene f a l l  i n t o  two d i s t i n c t  

- 

--1 groups. For t he  most recent data q0t = O .  626, 

whereas, for the  e a r l i e r  r e s u l t s  Zrot = 0.409. 

This is the  cause of t he  high standard devia- 

t i o n  u. We have no val id  reason t o  r e j e c t  the  

e a r l i e r  data although we have been unable t o  

reproduce them. 

-- 1 

- 
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Recovery 
factor 

7 

12 

k g e  

2. 4 

9 

TABU 11. COMPARISON OF ROTATIONU; COLLISION 7 

aAcoustic&.l ?Low pressure 
thezPltll conductivity 

5.3y6y4-6 

2-4y4.1y12, 20 
14 9 12 -30 

240-360 300 

16 

14-17 

I 

Shock 
th i chesE  

s. 5 
a7 

'>150 

9 - 2  

Impact 
tube 

% i t e d  by T. L C o t t r e l l  and J. C. McCoubrey, Molecular E n e r q  Trans- 

%'To Waelbroeck and P. Zuckerbrodt, 5. Ch&; Phys. 28, 524 (1958)- 
w- H. Andersen and D. F. Hornig, Mol. Phys. 2y 49 (1959). 

dp. Ww Huber and A, Kantrowitz, 5. Chem. Phys, l5, 275 (1947). 
% Griffith, 5. AspL Phys. -2 2 1  1319 (1950). 
fE. F, Greene and D. F. Hornig, 5. Chem. Phys. 21, 617 (1953). 
gReference 1, 

fer i n  Gases E?xtterworthsy London, 1961, Chapter 5. - _ -  - -' 
-.I - 

I 
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Stmdard e r r o r  of the mean 

aRef .  28. 

Methane 

&eXp-6 

152.8 

14 
R 206 

5.341 

047t 

1* 72 

v 098 

107 

w 106 

IO09 

Carbon 
t e t r a f luo r ide  

L-S 12-6 

134.0 
4.662 ------- 

147.3 

1612 

1.59 

w 249 

. 335 

u 330 

-006 

f s u l m  P 

hemfluorid;  

L-3 12-6, 

222.1 
5.128 ------- 

307.1 

9 13% 

2.14 

v 297 

w 384 

0 358 

. 019 

Ethylene 

L-J 12-6 

224.7 
4. 163 

I----- 

5-75 
28- 09 
33.84 

. 0781 

2-21  

- 1s 
227 

422 

* 003 

Ethane 

L-J 12-6 

215.7 
4.443 --...---- 

I L  03 
42. 28(2 

,099 

2.13 

u 217 

w 259 

a 248 

* 011 

. ..$ 
I 

.. . 

. . .  . .  

. .. -. , . . . ... 
. .  

. .  - 

-- . .. . .  

. .  . 

ir .- 
I 



-. 
Oxygen Nitrogen Carlpn 

dio@de 

Tsrpe of potential aeXp-6 bexp-6 ‘L-J 12-6 .”../--- i 

195.2 132 101.2 2 3.726 --.-4.Ol.l-- -3.941 
17.0 17.0 - -- -- - - 
19.3 14.01 71.47 

4% OK 
.Force constants a o r  r,, 

c a  
Moment of i ne r t i a ,  

gm cm2xl040 

Data analysis 

41/n$ 0.111 0.086 0.189 

1.60 1.44 1. 99 e a (  44 
v expt (Eq. (13)) .74 1.11 1.12 

= 2.5 .55 .48 1.16 
JI ca+ = 4.5 1.10 1.01 1.63 

> 

Acetylene ’ 

‘L-J 12-6 

231.8 
4. 033 -- - -_ - - 

23.65 

0.094 

2.24 

1.71 

1.48 
1-80 



SF, 

‘2 H4 ‘2 H6 

Figure 1. - C o n f i g u r a t i o n s  of  n , m l i n e a r  molecules. 
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